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Abstract This study was conducted to investigate the rela¬ 
tionship between radial variations in shrinkage and drying 
behavior of larch disks during radio-frequency/vacuum 
(RF/V) drying. Despite considerable variations in shrink¬ 
age both within and between logs, some trends were observ¬ 
able for each log. Actual radial shrinkage was much larger 
than free radial shrinkage with a ratio of tangential shrink¬ 
age (a x ) to radial shrinkage (a R ) ranging from 1.27 to 1.62. 
If the a T /a R ratio of larch was about 2.5, the relative dis¬ 
placement was theoretically estimated to be 1.6 to 1.65, 
showing good agreement with the experimental results. The 
results showed that the formation of V-cracking was closely 
related to the actual differential shrinkage, which is the 
difference between the estimated tangential shrinkage and 
actual radial shrinkage after drying. 

Key words Larch disk ■ Differential shrinkage ■ V-crack ■ 
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Introduction 

Effective utilization of small-diameter logs from the thin¬ 
ning of plantation trees has been an important issue in 
recent years. 1 The tree disk, which is cross cut from a log, for 
making wood artifacts is one way to effectively utilize wood, 
because of the potential for achieving high yields during the 
sawing process and aesthetic values. However, disk drying is 
much more difficult than drying lumber because of severe 
checking problems. Checks during the disk drying are 
caused by differences in shrinkage. One type is due to the 
moisture gradient across the disk thickness, and the other is 
due to the transverse anisotropy of wood and the difference 
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in drying rates and shrinkages between sapwood and heart- 
wood. They can be termed longitudinal and transverse dif¬ 
ferential shrinkage, respectively. In this study, however, we 
are only concerned with the transverse one because the 
moisture gradient across the disk thickness can be neglected 
in radio-frequency vacuum (RF/V) drying. 

Wood varies widely with species and there are also varia¬ 
tions within a species as well as within an individual tree. 
Such variations make it difficult to predict the performance 
of wood. 2 One of the main differences between sawn lum¬ 
ber and tree disks is that tree disks always include juvenile 
wood. The juvenile wood exhibits certain inherent trends in 
wood properties from pith to bark. In general, most of tree 
disks have pith displaced from their center, which gives 
some degrees of eccentricity. Such eccentricity renders tree 
disks highly inhomogeneous, making it difficult to predict 
drying behavior. 

Thus, it is difficult to reduce the differential shrinkage of 
a tree disk caused by anisotropy regardless of the drying 
methods used. In theory, the drying stress due to the radial 
differential shrinkage may be approximated if the informa¬ 
tion on tangential and radial shrinkage, mechano-sorptive 
(MS) constants, and variation from pith to bark is avail¬ 
able. 3 However, much less attention has been paid to under¬ 
standing radial variations in the physico-mechanical 
properties of trees, particularly for rapidly grown plantation 
trees, primarily because tree disks or logs from such trees 
have rarely been utilized. Furthermore, much of the existing 
information available from published work has come from 
normal wood, where the focus has been on radial variation 
between trees and not within a tree. 4,5 

In general, young trees have large juvenile and abnormal 
zones. There are few studies on the degree of the deviation 
from axisymmetry of tree disks with growth eccentricity. 
Understanding the trends of physico-mechanical properties 
of a tree disk from pith to bark, as well as along the annual 
ring (i.e., periphery), is very important for mathematical 
simulation of drying behavior. 

This study was undertaken to investigate effects of some 
basic parameters on the drying behavior of tree disks. These 
parameters include the radial variation of specific gravity 
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Table 1. Basic parameters of the tree log bottom and top 


Measured parameters 

Log number 






1 

2 

3 

4 

5 

Diameter (cm) 

D ns 

34.4 (28.5) 

28.4 (25.8) 

28.9 (26.0) 

30.4 (25.9) 

31.0 (27.1) 

D v 

34.0 (27.9) 

27.0 (25.0) 

29.4 (25.7) 

31.6 (24.0) 

35.1 (27.8) 

Length (cm) 

180 

180 

180 

270 

270 

Heartwood (%) 

58.1 (50.7) 

50.5 (47.0) 

63.5 (59.4) 

55.3 (50.7) 

59.1 (54.4) 

Growth eccentricity (%) 

34 (15) 

14 (12) 

11(7) 

9(4) 

13 (12) 

No. of annual rings 

28 (25) 

23 (22) 

27 (25) 

21 (17) 

33 (32) 

No. of disks for drying 

36 

32 

34 

44 

59 


Numbers in parentheses are the values for the log top 

D m , diameter in the direction along the north and south radii; D p , diameter perpendicular to the 
direction along the north and south radii 


Table 2. The average deviation from axisymmetry of disks (%) 



Log number 





Total 

1 

2 

3 

4 

5 

Sample size 

32 

28 

29 

40 

82 

211 

Roundness 

1.41 ± 1.07 

3.00 ± 1.47 

0.75 ± 0.62 

3.97 ± 1.80 

5.16 ± 3.80 

3.90 ± 3.09 

Growth eccentricity 

23.5 ± 5.2 

14.0 ± 1.6 

8.6 ± 2.3 

7.4 ± 4.2 

17.0 ± 7.7 

15.6 ± 7.9 


(SG), shrinkage along the radial and longitudinal direc¬ 
tions, and the relationship between shrinkage and forma¬ 
tion of checking during RF/V drying of larch (Lalix 
kaempferi). 


Materials and methods 

Basic properties of logs 

Five larch logs with an approximate diameter of 30 cm were 
purchased from a local market. Three logs were 180 cm long 
and two were 270 cm long. The shapes of log bottom and top 
including the percentage of heartwood were calculated 
using an image analysis package (Olympus BMI plus v2.19, 
Korea). The results summarized in Table 1 show that the 
percentage of heartwood increased with an increase in the 
number of annual rings in the disks. 

The growth eccentricity (GE) represents the deviation of 
pith from the geometrical center and was defined as 

GE = T 5 ~ X 100 (1) 

D 

-^ns 

where r s and r v represent the south and north radius of the 
log as shown in Fig. la. D ns is the diameter of the log that is 
the sum of the south and north radii. The eccentricity of tree 
disks was greater for disks from the tree bottom than those 
from the tree top. The roundness deviation (RD) of logs 
was defined by Eq. 2. 

RD = ^ X 100 (2) 

1 . 

where D p represents a diameter perpendicular to D ns . It was 
the least for Log 3 and the greatest for Log 5. Tree disks of 



Fig. la,b. Specimens for measuring physical properties, a The 
definition of disk shape, b The preparation of specimen for measure¬ 
ment of specific gravity and free shrinkage. D ns , diameter in the direc¬ 
tion along the north and south radii; Z) p , diameter perpendicular to the 
direction along the north and south radii 


3-cm thickness along the longitudinal direction were succes¬ 
sively cut from the logs for the following experiments. In 
turn, Log 1 showed the greatest eccentricity and Log 4 
showed the least (Table 2). 

Three disks were selected from the bottom, middle, and 
top of each log as shown in Fig. lb. Each disk was divided 
along the north and south direction, which were used for 
measuring SG and free shrinkage from pith to bark. Note 
that free shrinkage is the unrestrained shrinkage without 
internal stresses while shrinkage of tree disks have inevita¬ 
bly been restrained due to anisotropy. Dimensions of the 
cross section samples were 5 X 5 X 3 cm (R X T X L). Three 
samples (5 mm thick) were obtained from one cross section, 
and marked to identify their original position. Volumetric 
shrinkage was estimated from the summation of radial and 
tangential shrinkages. All measurements were made up to 
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Fig. 2. The change of the apparent tangential shrinkage in the middle 
of the specimen depending on the distance from the pith. R, radial 
direction, T, tangential direction, w , width of specimen, r, distance from 
pith to the middle of specimen 

0.01 mm with a dial gauge. The SG was obtained from oven- 
dry weight and the green volume of a specimen. Two pairs 
of lines perpendicular to each other were drawn on the disk 
to determine shrinkage of disks after drying. One line was 
first drawn along the north and south direction and then 
the other one was drawn in the perpendicular direction. 
Changes in the lengths of these lines were measured using 
an image analyzer. 


Tangential shrinkage 


The radius of curvature depends on the distance from the 
pith. Although the actual tangential shrinkage (a T ) is con¬ 
stant outward from the pith, the apparent tangential shrink¬ 
age (a x ) obtained from the specimens varies with the radius 
of curvature. It results in cupping due to the differential 
shrinkage although there are no differences in moisture 
content (MC) gradient and shrinkage between the bottom 
and top within a specimen (Fig. 2). 

By considering the effects of ring curvature, the relation¬ 
ship between a x and a x can be derived as 6,7 


a-r = 


( _1 w | 
w — 2rtan — 
2r) 


2rtan 


_! w 


= a„ 


(«x ~ «r)w 

2rtan _1 — 
2 r 


( 3 ) 


where a R represents radial shrinkage and w is width of 
specimen. 

Using the Eq. 3, the effect of the radius of curvature on 
the apparent shrinkage should be taken into account in 
measuring the actual tangential shrinkage in the radial 
direction because large errors may occur near the pith. In 
the case of aJa R = 2.0 and w = 20 mm, considerable errors 
resulted at the location below 20 mm from the pith without 
taking the radius of curvature into consideration as shown 
in Fig. 3. 


Radio-frequency/vacuum 

The RF/V drying of the samples was carried out in a labora¬ 
tory kiln. 8 The output of the RF generator was 7kW at a 



Fig. 3. The ratio of apparent shrinkage (a T ) to actual shrinkage (a s ) 
versus radial location 


fixed frequency of about 13Mhz. The ambient pressure dur¬ 
ing the RF/V drying test was lowered to an absolute value of 
around 50mmHg. Wood temperature during drying began 
at 42°C and was gradually increased by 3°-6°C per day, to a 
maximum of 54°C at the end. After RF/V drying, drying 
defects were visually evaluated and the actual shrinkage of 
disks along the north and south radii was measured. 


Results and discussion 

Radial variation of specific gravity 

Figure 4 shows the variation in specific gravity along the 
radial direction. The relative radial location is presented as 
a fraction of the pith to bark distance with the largest value 
of 1. Also, the SG in the north and south radii is represented 
with minus and plus signs, respectively. 

It has been reported that the trend of SG variations may 
be of two different types along the radial direction for 
larch. 9 In Type 1, SG increases from pith to bark. In Type 2, 
SG is high near the pith with a decrease outward for the first 
few growth rings, and then an increase to a maximum at the 
bark. However, the SG variation in this study did not follow 
either of these two types. It initially increased from the pith 
to outer half distance and then decreased toward the bark. 
The SG of Logs 1,3, and 5 that had larger growth eccentric¬ 
ity than Logs 2 and 4 decreased from the pith, and did not 
show any significant relationship with the location along the 
height. The results of this study are consistent with those of 
Kollmann and Cote 10 and Kim. 11 Kim 11 reported that the 
width of annual rings of 38-year-old larch showed that the 
ring density decreased from the pith to the 16th ring and 
increased continuously until the 38th ring. This result indi¬ 
cates a close relation to the SG variation pattern of this 
study. 

As shown in Table 3, the SG of sapwood is lower than 
that of heartwood except for Log 2, and the SG near the 
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Table 3. Specific gravity of heartwood and sapwood of Korean larch 


Log number 

Sapwood 

Heartwood 

Mixed 

Pith 

1 

0.40 ± 0.03 (18) 

0.44 ± 0.03 (57) 

0.43 ± 0.03 (75) 

0.43 ± 0.05 (9) 

2 

0.43 ± 0.01 (18) 

0.40 ± 0.03 (52) 

0.41 ± 0.03 (70) 

0.35 ± 0.02 (3) 

3 

0.42 ± 0.01 (18) 

0.43 ± 0.02 (52) 

0.42 ± 0.02 (70) 

0.36 (1) 

4 

0.40 ± 0.01 (17) 

0.42 ± 0.03 (49) 

0.41 ± 0.03 (66) 

0.38 ± 0.01 (9) 

5 

0.43 ± 0.04 (18) 

0.45 ± 0.03 (60) 

0.44 ± 0.03 (78) 

0.44 ± 0.04 (6) 

Average 

0.41 ± 0.02 (89) 

0.42 ± 0.03 (270) 

0.42 ± 0.03 (359) 

0.40 ± 0.04 (28) 


Numbers in parentheses represent the numbers of specimens 



-1.0 -0.5 0.0 0.5 1.0 

Specific radius (r/a) 

Fig. 4. Variation of specific gravity in the radial direction. Negative 
specific radius correlates to the north radius; positive specific radius 
correlates to the south radius, a, radius of disk; r, distance from pith 

pith is lower than that of the other log areas except for 
Logs 1 and 4. The overall averages of SG in the north and 
south radii are 0.426 ± 0.031 and 0.425 ± 0.029, respec¬ 
tively, with no statistically significant difference. 

Radial and tangential shrinkage in radial direction 

The radial and tangential shrinkage along the radial direc¬ 
tion is given in Fig. 5. The overall shrinkage values generally 
increased from pith to bark, which is consistent with the 
previous report of Kim 11 who showed the dependence of the 
shrinkage on microfibril angle and partially on the forma¬ 
tion of heartwood. The shrinkage changes of Logs 2 and 4 
were typical patterns along the radial direction, but this was 
not the case for Logs 1, 3, and 5. In particular, the shrinkage 
of Logs 1 and 3 in the south radius decreased outward from 
the pith and increased toward the bark. The low tangenial 
shrinkage might be due to a compression wood zone that 
has large longitudinal shrinkage and small transverse 
shrinkage. For Log 5, the radial trend did not show a specific 
pattern. 

Both the radial and tangential shrinkages of the sapwood 
along the north radius were greater than those of the 
heartwood along the south radius (Tables 4, 5). Because 
compression wood has exceptionally high longitudinal 
shrinkage and less volumetric shrinkage when compared 


with normal wood, the transverse shrinkage of compression 
wood is smaller than that of normal wood. The T/R ratio of 
compression wood is smaller than that of normal wood and 
it might be desirable to help prevent V-cracks during dry¬ 
ing. The wood along the south radius seemed to contain 
compression wood, but there was no clear indication from 
the results. For most of the trees used, the a T is two times 
greater than the a R . For heartwood, there was a weak posi¬ 
tive correlation between SG and volumetric shrinkage ( R 2 
= 0.139), while there was no significant correlation for sap- 
wood ( R 2 = 0.074). This result indicates that the variation of 
shrinkage along the radial direction is more likely to be 
related to the amount of heartwood extractives than the SG 
of wood. Mean shrinkage values could be used to predict 
average dimensional changes in batches of materials, but it 
cannot be applicable to individual disks because there is 
considerable variability within and between disks. All dif¬ 
ferential shrinkages of sapwood were greater than that of 
heartwood but the « T /« R ratio showed the opposite trend 
with the exception of Log 1. The position of maximum 
difference between tangential and radial shrinakge (a T — 
a R ) varies in the logs. It should be noted that the 
nondimensional form of the a T la R value is generally used, 
but radial deformation of tree disks has closer relation with 

d'Y a R . 

Radial shrinkage and drying defects of tree disks 

During the RF/V drying, uniform shrinkage of tree disks 
requires a proportional reduction of the diameter and of the 
circumference in order to maintain a circular cross section. 
The percentage of the decreases must be the same for both. 
Therefore, tangential stress is proportional to the differen¬ 
tial shrinkage that is the difference between the reduction in 
circumference by tangential shrinkage and the reduction in 
diameter by radial shrinkage. V-cracks or heart checks oc¬ 
cur when the tangential stress exceeds the maximum tensile 
strength. The occurrence of V-cracks has a close relation¬ 
ship with that of both sapwood and heartwood checks due 
to the stress superposition principle and stress concentra¬ 
tion. Tensile strength perpendicular to grain is estimated to 
be 3800 SG 078 (kPa) in green wood and 6000 SG 1 u (kPa) in 
wood with 12% MC with a coefficient of variation being 
28%. 12 Therefore, the average might be assumed to be 1.9- 
2.4 MPa in the case of larch. The strength of 5% exclusion 
limit might amount to 1.0-1.3 MPa. 
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Fig. 5. Radial variation of the 
radial and tangential shrinkage 
for each log and combined re¬ 
sults. Open circles, tangential 
shrinkage; solid circles, radial 
shrinkage 


North 


South North 


South 






Kubler 13 assumed that the reduction in diameter was 
accomplished only by radial shrinkage because it was taken 
to be free of stress in the radial direction. However, Kang 
and Lee 3 reported that a considerable compressive stress 
occurs in the radial direction during drying. In addition, the 
Poisson’s effect due to tensile stress in the tangential direc¬ 
tion may further reduce the radial dimension more than 
that by free radial shrinkage, in which the reduction de¬ 
pends on ratios of elasticity and shrinkage of the tangential 
direction to those in the radial direction. Based on the 
model of Kang and Lee, 3 the relative displacement that is 
the ratio of actual radial shrinkage of disk to free radial 
shrinkage can be calculated due to the shrinkage and elas¬ 
ticity anisotropy as shown in Fig. 6. The actual shrinkage of 
the disk increases with the increase of shrinkage anisotropy 
and with the decrease of elasticity anisotropy. 

In practice, uniform shrinkage might not occur and disks 
might reveal an ellipsoidal or irregular shape after drying. 



The ratio of transverse elasticity (E T / E R ) 


Fig. 6. The relative radial displacement by both elastic and mechano- 
sorptive (MS) model 3 depending on the anisotropy. Solid line, elastic; 
dotted line MS model 
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Table 4. Free shrinkage of sapwood and heartwood from green to oven dry 

Log number n Shrinkage (%) a T + a R (%) a T — a R (%) a T /a R (%) 


a 


T 


a 


R 


1 


Sapwood 

17 

7.18 ± 

0.97 

2.83 

-F 

0.44 

10.00 

-F 

1.32 

4.35 

-F 

0.74 

2.56 

± 0.30 

Fteartwood 

54 

6.09 ± 

1.00 

2.47 

-F 

0.45 

8.56 

-F 

1.34 

3.61 

-F 

0.79 

2.50 

± 0.43 

Mixed 

71 

6.35 ± 

1.09 

2.56 

-F 

0.47 

8.90 

-F 

1.46 

3.79 

-F 

0.83 

2.52 

± 0.40 

Pith 

7 

- 


4.08 

-F 

0.44 

- 



- 



- 


Z 

Sapwood 

18 

8.30 ± 

0.60 

3.54 

-F 

0.44 

11.84 

-F 

0.96 

4.77 

-F 

0.41 

2.37 

± 0.21 

Heartwood 

48 

6.42 ± 

0.77 

2.38 

-F 

0.41 

8.80 

-F 

1.01 

4.04 

-F 

0.72 

2.75 

± 0.49 

Mixed 

66 

6.93 ± 

1.12 

2.72 

-F 

0.68 

9.65 

-F 

1.70 

4.22 

-F 

0.73 

2.63 

± 0.47 

Pith 

a 

3 

- 


2.72 

-F 

0.17 

- 



- 



- 


j 

Sapwood 

18 

7.89 ± 

0.98 

3.27 

-F 

0.57 

11.16 

-F 

1.52 

4.62 

-F 

0.52 

2.44 

± 0.21 

Heartwood 

52 

6.60 ± 

1.39 

2.50 

-F 

0.61 

9.10 

-F 

1.92 

4.10 

-F 

0.97 

2.69 

± 0.39 

Mixed 

70 

6.93 ± 

1.41 

2.70 

-F 

0.69 

9.63 

-F 

2.03 

4.23 

-F 

0.90 

2.63 

± 0.37 

Pith 

A 

1 

- 


2.45 



- 



- 



- 


*+ 

Sapwood 

17 

7.73 ± 

0.62 

3.53 

-F 

0.33 

11.26 

-F 

0.55 

4.20 

-F 

0.82 

2.21 

± 0.28 

Heartwood 

48 

6.48 ± 

0.88 

2.81 

-F 

0.48 

9.28 

-F 

1.29 

3.67 

-F 

0.58 

2.33 

± 0.24 

Mixed 

65 

6.80 ± 

0.99 

3.00 

-F 

0.55 

9.80 

-F 

1.44 

3.81 

-F 

0.69 

2.30 

± 0.25 

Pith 

C 

9 

- 


3.18 

-F 

0.43 

- 



- 



- 


J 

Sapwood 

18 

7.69 ± 

1.10 

3.14 

-F 

0.57 

10.83 

-F 

1.40 

4.55 

-F 

1.07 

2.53 

± 0.58 

Heartwood 

60 

7.39 ± 

0.98 

2.96 

-F 

0.57 

10.35 

-F 

1.40 

4.43 

-F 

0.77 

2.55 

± 0.41 

Mixed 

78 

7.46 ± 

1.01 

3.00 

-F 

0.57 

10.46 

-F 

1.41 

4.46 

-F 

0.84 

2.55 

± 0.45 

Pith 

6 

- 


4.59 

-F 

0.49 

- 



- 



- 


Sub-total 















Sapwood 

88 

7.76 ± 

0.94 

3.26 

-F 

0.54 

11.03 

-F 

1.33 

4.50 

-F 

0.76 

2.42 

± 0.36 

Heartwood 

262 

6.62 ± 

1.12 

2.63 

-F 

0.56 

9.25 

-F 

1.56 

3.98 

-F 

0.83 

2.57 

± 0.42 

Mixed 

350 

6.91 ± 

1.18 

2.79 

-F 

0.62 

9.70 

-F 

1.67 

4.11 

-F 

0.84 

2.53 

± 0.41 

Pith 

26 

- 


3.67 

-F 

0.81 

- 



- 



- 


Total 

376 

6.91 ± 

1.18 

2.85 

-F 

0.67 

9.70 

-F 

1.69 

4.11 

-F 

0.84 

2.53 

± 0.41 


a T , tangential shrinkage; a R , radial shrinkage 


Table 5. Free shrinkage in the north and south radii from green to oven dry 
Log number 


1 2 3 4 5 


Total 


North 


n 

24 

25 

32 

26 

30 

137 

a T (%) 

6.72 ± 0.63 

6.99 ± 1.11 

7.48 ± 0.79 

6.87 ± 0.82 

7.61 ± 1.12 

7.17 ± 0.97 

«R (%) 

2.84 ± 0.37 

2.85 ± 0.68 

2.97 ± 0.52 

3.22 ± 0.50 

3.17 ± 0.62 

3.01 ± 0.56 

ct T - a R (%) 

3.88 ± 0.53 

4.15 ± 0.65 

4.51 ± 0.66 

3.65 ± 0.70 

4.44 ± 0.90 

4.16 ± 0.77 

South 







n 

47 

41 

38 

39 

48 

212 

a T (%) 

6.16 ± 1.22 

6.89 ± 1.14 

6.42 ± 1.64 

6.76 ± 1.09 

7.37 ± 0.94 

6.74 ± 1.28 

«R (%) 

2.41 ± 0.46 

2.64 ± 0.67 

2.45 ± 0.74 

2.85 ± 0.54 

2.90 ± 0.52 

2.65 ± 0.61 

a T ~ «R (%) 

3.75 ± 0.95 

4.26 ± 0.78 

3.97 ± 1.01 

3.91 ± 0.67 

4.47 ± 0.81 

4.09 ± 0.89 


However, it should be noted that the frequency of V-cracks 
decreases as the relative displacement increases, which is 
due to the decrease of the differential shrinkage. 

Table 6 shows the actual radial shrinkage of tree disks 
after drying at which it was corrected to an MC of 8%. The 
actual radial shrinkage of disks was much larger than the 
free radial shrinkage, whose ratios, the relative displace¬ 
ments, ranged from 1.27 to 1.62 with the exception of Log 3 
that had extremely low radial shrinkage in the south radius. 
The relative displacement is estimated to be 1.6-1.65 if the 
a x /a R ratio of larch is about 2.5 (Fig. 6). Therefore, it is in an 
agreement with the experimental results. 


Table 7 shows a summary of data for checks and V-cracks 
after RF/V drying. Heartwood checks were severe in Logs 1 
and 5. Sapwood checks occurred slightly with the exception 
of Log 1. V-cracks were severe in Logs 1,3, and 5 that showed 
large differential shrinkage (Table 8). Thus, the growth 
eccentricity and roundness of tree disks was not related to 
V-cracks, but was closely related to the actual differential 
shrinkage (i.e., the difference between free tangential and 
actual radial shrinkage). In addition, as the number of annual 
rings increased, the percentage of heartwood increased. The 
frequency of V-cracks rose as the number of annual rings and 
the percentage of heartwood increased. 
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Table 6. Actual shrinkage of tree disks after drying 

Log number n 

S ns 




s P (%) 

North radius (%) 

South radius (%) 

Average (%) 

Ratio 3 

1 19 

3.28 ± 1.90 

2.02 ± 2.23 

2.52 ± 1.57 

1.28 

2.41 ± 1.57 


(2.08 ± 0.27) 

(1.77 ± 0.34) 

(1.97 ± 0.47) 



2 17 

3.53 ± 1.46 

3.08 ± 1.60 

3.20 ± 0.79 

1.62 

3.27 ± 0.78 


(2.09 ± 0.50) 

(1.93 ± 0.49) 

(1.98 ± 0.48) 



3 14 

3.55 ± 1.19 

0.07 ± 1.66 

1.71 ± 1.07 

0.93 

1.82 ± 1.07 


(2.17 ± 0.38) 

(1.80 ± 0.54) 

(1.83 ± 0.45) 



4 25 

2.57 ± 1.90 

3.98 ± 1.47 

3.35 ± 1.02 

1.52 

3.23 ± 1.00 


(2.27 ± 0.58) 

(2.09 ± 0.39) 

(2.20 ± 0.40) 



5 39 

3.67 ± 1.43 

2.26 ± 1.70 

2.79 ± 1.2 

1.27 

3.36 ± 1.2 


(2.32 ± 0.45) 

(2.12 ± 0.38) 

(2.20 ± 0.42) 



Total 114 

3.33 ± 1.64 

2.43 ± 2.07 

2.80 ± 1.25 

1.37 

2.97 ± 1.28 


(1.93 ± 0.47) 

(2.21 ± 0.41) 

(2.05 ± 0.45) 



Values in parentheses represent the free radial shrinkage from green to 8% moisture content 



S ns , shrinkage in the direction along north and south radii; S 

shrinkage perpendicular to the direction along north and south radii 


“Ratio represents the ratio of the actual to free radial shrinkage 





Table 7. Drying defects of tree disks after radio-frequency/vacuum drying 

Log number 

n 

V-crack 



Heartwood (sapwood) checks 

Defective disks 
(%) 

Length of cracks 
(cm) 

Width of cracks 
(cm) 

Defective disks 
(%) 

Length of checks 
(cm) 

Total 

163 

18.4 (3.1)“ 

10.3 

0.9 

8.6 (4.9)“ 

4.9 (3.2) 

1 

31 

12.9 (0.0) 

11.5 

0.8 

16.1 (0.0) 

4.6 (0.0) 

2 

25 

12.0 (12.0) 

6.2 

0.4 

4.0 (4.0) 

2.7 (2.3) 

3 

24 

37.5 (0.0) 

11.2 

0.9 

0.0 (4.2) 

0.0 (3.1) 

4 

27 

3.7 (0.0) 

2.9 

0.1 

0.0 (7.4) 

0.0 (1.4) 

5 

56 

23.2 (3.6) 

10.8 

1.0 

14.3 (7.1) 

5.4 (4.3) 


a V-cracks or checks occurred with the lapse of 10 days after drying 


Table 8. Actual shrinkage along the north and south radii from green to 8% moisture content 



Log number 





Total 


1 

2 

3 

4 

5 

a T “ (%) 

4.65 ± 0.80 

5.09 ± 0.82 

5.08 ± 1.03 

4.93 ± 0.76 

5.47 ± 0.74 

5.07 ± 

0.87 

< (%) 

2.46 ± 1.54 

3.24 ± 0.73 

1.76 ± 1.04 

3.29 ± 0.92 

3.29 ± 0.92 

2.88 ± 

1.22 

«T “ «R (%) 

2.19 

1.85 

3.32 

1.64 

2.18 

2.19 



“Free tangential shrinkage based on oven dry method 
b Actual shrinkage of disk after drying 


Conclusion 

Although there was a considerable amount of variation in 
shrinkage both within and between trees, it was possible to 
detect certain trends for each tree. This study suggested a 
correction method for the tangential shrinkage of rectangu¬ 
lar specimens. Actual radial shrinkage of disks was much 
larger than free radial shrinkage, the ratios of which ranged 
from 1.27 to 1.62. If the a x /a R ratio of larch is about 2.5, the 
relative displacement was theoretically estimated to be 1.6- 
1.65, which shows good agreement with the experimental 
results. V-cracks were closely related to the actual dif¬ 
ferential shrinkage, which is the difference between the 
estimated tangential shrinkage and actual radial shrinkage 


after drying. Further study might be needed on the degree 
of axisymmetry in geometry including growth eccentricity, 
the deviation extent from a circular shape, and physico- 
mechanical properties. Also, it is necessary to investigate 
significant differences of shrinkage within and between 
trees. 
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